The objective of this study was to determine whether reactive oxygen intermediates (e.g., singlet oxygen and the superoxide radical) can rapidly induce eiectrophysiological disturbances leading to the genesis of arrhythmias, even in the absence of ischemia and reperfusion. Rat hearts (n = 6 per group) were perfused aerobically at 37° C for 10 minutes without rose bengal and for 5 minutes with rose bengal (250 nmol/l), during which time no changes in coronary flow or heart rate were observed. Hearts were then uniformly illuminated for 20 minutes with green light (530-590 nm) from 200 fiber optic cables. With light and without rose bengal, or vice versa, all hearts remained stable. However, in the illuminated rose bengal group, eiectrophysiological changes (inversion of the terminal portion of the T wave and an increase in Q-T interval) were observed within 11.8±2.1 seconds (i.e., less than 60 beats). All hearts exhibited ventricular premature beats (within 2.2±0.7 minutes) and ventricular tachycardia (within 2.8±0.7 minutes) before the occurrence of complete atrioventricular block (within 5.5±0.9 minutes). During the illumination period, coronary flow progressively fell in the rose bengat-perfused hearts from 11.6±0.5 ml/min to 2.0±0.4 ml/min (/><0.05 when compared with any control group). When a similar progressive reduction in coronary flow was mimicked (with or without rose bengal), no arrhythmias occurred. Photosensitization of the rose bengal solution in the cannula at a point close to the heart did not induce any eiectrophysiological disturbances or arrhythmias, indicating that it was the short-lived reactive oxygen intermediates rather than the rose bengal product that were responsible for the observed effects. The addition of histidine (100 nmol/l) as a quenching agent to the rose bengal solution significantly delayed the occurrence of the eiectrophysiological changes and arrhythmias. Our results provide evidence that reactive oxygen intermediates can rapidly induce eiectrophysiological changes and arrhythmias even in the absence of ischemia or reperfusion. Received July 11, 1988; accepted December 20, 1988. larly of potassium, 4 -5 lysophosphatide formation, 6 and disturbances of fatty acid metabolism. 7 Recently, we and others 8 -10 have introduced the concept that oxygen-derived free radicals, produced during ischemia and reperfusion, may cause injury to membrane proteins and/or lipids, 11 which, in turn, leads to ionic imbalance and electrical instability. In support of this hypothesis, we have shown, both in vivo and in vitro, that a wide variety of agents known to inhibit or counteract free radicals possess potent antifibrillatory properties during reperfusion after brief (5-15 minutes) periods of regional ischemia. 12 We have also shown that free radical generating systems can enhance the susceptibility of the heart to such arrhythmias. 10 ' 13 This finding can be criticized since we had not shown that
larly of potassium, 4 -5 lysophosphatide formation, 6 and disturbances of fatty acid metabolism. 7 Recently, we and others 8 - 10 have introduced the concept that oxygen-derived free radicals, produced during ischemia and reperfusion, may cause injury to membrane proteins and/or lipids, 11 which, in turn, leads to ionic imbalance and electrical instability. In support of this hypothesis, we have shown, both in vivo and in vitro, that a wide variety of agents known to inhibit or counteract free radicals possess potent antifibrillatory properties during reperfusion after brief (5-15 minutes) periods of regional ischemia. 12 We have also shown that free radical generating systems can enhance the susceptibility of the heart to such arrhythmias. 10 ' 13 This finding can be criticized since we had not shown that radicals were actually produced or that any of the interventions attenuated their production. However, we have recently addressed this problem of an indirect, and hence possibly circumstantial, association between radical production and reperfusioninduced arrhythmias through the use of electron spin resonance spectrometry by which we have directly demonstrated radical production during reperfusion after a short period of ischemia. 14 This finding has been confirmed in several other laboratories. 15 Nevertheless, the association between radical production and electrophysiological disturbances has been questioned by the outcome of a number of studies-that have either failed to demonstrate electrophysiological changes arising from radical generation or have claimed that the development of changes was too slow to account for the very early and abrupt occurrence of reperfusion-induced ventricular fibrillation (VF).
In the present rat heart study, we report 1) a novel system that uses photosensitization to produce reactive oxygen intermediates, 2) the occurrence of electrophysiological changes within approximately 10 seconds (less than 60 beats) of the initiation of the process, and 3) the rapid deterioration of these electrophysiological changes to arrhythmias.
Material and Methods

Animals and Reagents
Male rats (220-280 g body weight) were obtained from Bantin and Kingman. Purified rose bengal (3',4',5',6'-tetrachloro-2,4,5,7-tetraiodo-fluorescein) was obtained from Aldrich (Dorset, UK); histidine was obtained from Sigma (Dorset, UK).
Perfused Heart Preparation
Animals were anesthetized with diethyl ether and injected with sodium heparin (200 units i.v.). Thirty seconds later, hearts were excised and placed in cold (4° C) perfusion medium until contraction had ceased (approximately 15 seconds). Each heart was then cannulated via the aorta and perfused at a constant perfusion pressure equivalent to 100 cm H 2 O.
Perfusion Fluids
Bicarbonate buffer, pH 7.4, 37° C, containing (in millimoles per liter) NaCl 118.5, NaHCO 3 25.0, KC1 3.2, MgSO 4 1.19, KH 2 PO 4 1.18, CaCl 2 1.25, and glucose 11.1 was the standard perfusion fluid. This was gassed with 95% O 2 -5% CO 2 . Before use, all perfusion fluids were filtered (pore size=5.0 ^.m).
In the experiments requiring rose bengal, 250 nmol (25.4 mg) of the compound was added to each liter of perfusion medium before filtration. The reservoir containing this fluid and all lines were shielded with aluminum foil to prevent any effect of ambient light. In the experiments requiring histidine, 100 mmol histidine was added to each liter of perfusion medium before filtration. 
Fiber Optic Illumination System
As shown in Figure 1 , a fiber optic system was constructed from 200 fiber optic cables (each of 2 mm diameter) arranged in an array around a specially constructed, temperature-regulated heart perfusion chamber (available from Cardiovascular Research Equipment Facility, The Rayne Institute, London, England). Each cable (100 cm in length) conveyed green light (530-590 nm) from two aircooled 90 W dichroic light sources equipped with appropriate heat and interference filters. The intensity of light delivered to the heart chamber was approximately 3,600 lux. Preliminary studies confirmed that at full intensity, intermittent or continuous illumination had no significant effect on myocardial temperature.
Experimental Time Course
Hearts were subjected to 10 minutes of perfusion in the absence of rose bengal. At the end of this period, heart rate and coronary flow were measured. In some hearts, the perfusion fluid was then switched to one containing rose bengal (250 nmol/1), and perfusion was maintained for a further 5 minutes. In some of these hearts, perfusion with rose bengal was maintained for a further 20 minutes during which time they were continuously and uniformly illuminated. Coronary flow and heart rate were recorded at 2-minute intervals in the experimental group (illuminated and exposed to rose bengal), and the values were compared with those obtained in the three control groups (hearts perfused with rose bengal but not illuminated, hearts illuminated but perfused with rose bengal-free medium, and perfused hearts neither illuminated nor exposed to rose bengal).
In the experiments studying the effects of histidine, 100 mmol/1 was added with the rose bengal.
Identification and Quantification of Arrhythmias
Stainless steel ECG electrodes were attached to the ventricular apex, the appendage of the right atrium, and the aortic cannula in all hearts. Both ventricular and atrial high-speed ECGs were recorded throughout the experimental period and were analyzed for 1) early changes in ECG morphology and the time to onset of these changes, 2) the incidence and time to onset of atrioventricular (A-V) block, and 3) the incidence and time to onset of arrhythmias occurring before the onset of A-V block, including ventricular premature beats (VPBs), ventricular tachycardia (VT), and VF.
Arrhythmias were defined and quantified in accordance with the Lambeth Conventions. 19 
Statistics
Statistical analyses were based on the guidelines described by Wallenstein et al. 20 Gaussian-distributed variables were expressed as the mean±SEM. A oneway analysis of variance was first carried out to test for any differences between the mean values of all groups. If a difference was established, the groups were compared using Tukey*s test. An analogous procedure was followed for binomialry distributed variables (e.g., incidence of VPBs). To compare individual groups, an overall x 2 test f°r a 2x« table was constructed, followed by a sequence of 2x2 x 2 tests using the Yates' correction. A probability of less than 5% was considered significant.
Results
Control Hearts
Three groups of control hearts (n=6 per group) were studied. In one, hearts were perfused aerobically in the absence of light and rose bengal; in the second, they were perfused in the presence of rose bengal but without illumination. In the third group, hearts were perfused without rose bengal but were illuminated between 15 minutes and 35 minutes of the perfusion sequence. When not being illuminated, all hearts and all perfusion lines were shielded from ambient light by aluminum foil.
Coronary flow and heart rate. Figure 2 shows that in control hearts, neither rose bengal alone nor illumination alone caused any significant reduction in coronary flow when compared with the flow in rose bengal-free nonilluminated hearts. In fact, with rose bengal alone, there was a progressive increase in coronary flow (from 10.6±0.3 to 14.4±0.7 ml/min over 25 minutes). As shown in Table 1 , neither rose bengal alone nor illumination alone affected heart rate, the values of which remained stable throughout the experiment and identical to those obtained with rose bengal-free, nonilluminated hearts.
ECG and arrhythmias. Figure 3 shows that in all groups of control hearts, the morphology of the ECG remained essentially unchanged throughout the course of the experiment. Analysis of the ECG^ revealed that all hearts were totally free of arrhythmias throughout all experimental periods.
Photosensitization of Rose Bengal
Hearts were aerobically perfused for 10 minutes in the absence of rose bengal, 5 minutes in the presence of rose bengal, and 20 minutes in the presence of rose bengal with illumination.
Coronary flow and heart rate. Figure 2 shows that before illumination, there were no changes in coronary flow as a consequence of exposure to rose bengal. However, on illumination, coronary flow progressively declined, falling over the 20-minute period of illumination, from a mean value of 11.6+0.5 to 2.0±0.4 ml/min (/?<0.05 when compared with any control group). During the period preceding the onset of arrhythmias, there were no significant changes in heart rate ( Table 1) .
ECG and arrhythmias. Figure 4 shows that illumination of the heart while it was being perfused with rose bengal resulted in an almost immediate change in the morphology of the ECG. This was characterized by the inversion of the terminal portion of the T wave (which was first discernible after a mean of only 11.8±2.1 seconds (i.e., less than 60 beats) and a progressive increase in the Q-T interval. These changes then deteriorated to a variety of arrhythmias, including, as shown in Figure 4 , VPBs, multiple episodes of VT, and complete A-V block (which occurred in a highly reproducible manner in 100%, 83%, and 100% of hearts, respectively). The Heart rate was measured before illumination (after a 10-minute perfusion period without rose bengal and after 5 minutes of perfusion with rose bengal), and at 2-minute intervals during the illumination period.
All values are mean±SEM of six experiments.
•Heart rate could be determined only before arrhythmias occurred.
mean time to onset of the first VPB was 2.2±0.7 minutes, to VT 2.8±0.7 minutes, and to complete A-V block 5.5±0.9 minutes.
Role of Changes in Coronary Flow
To determine whether the electrophysiological changes and arrhythmias caused by the photosensitization of rose bengal were due to the mild ischemia resulting from the progressive reduction in coronary flow that occurs as a consequence of the photosensitization procedures, hearts (n=6 per group) were subjected to 15 minutes of aerobic perfusion. During the following 20 minutes, coronary flow was reduced in a stepwise manner by lowering the perfusion pressure to replicate the changes induced by illumination in rose bengalperfused hearts as seen in Figure 2 5±0.1, and 2.2±0.2 ml/min, respectively. In both cases, analysis of the ECG indicated that, although minor changes in the morphology of the ECG occurred (alteration of the P wave and an increase in the amplitude of the QRS complex and the T wave), these were quite different from those seen with rose bengal and illumination; furthermore, these hearts did not exhibit VPBs, VT, or complete A-V block, and only one heart developed seconddegree of A-V block in the rose bengal-free group (after 13.8 minutes of flow reduction). 
Rose Bengal Product or Reactive Oxygen Products?
Photosensitization with rose bengal in the presence of oxygen leads to the generation of singlet oxygen and superoxide radicals. 21 - 23 Bleaching of the dye occurs more slowly and produces various photoproducts of the rose bengal molecule. To determine whether it was the reactive oxygen intermediates or the rose bengal residues that were responsible for the observed electrophysiological effects, hearts (n=6) were perfused with rose bengal, but instead of illuminating the myocardium, the transparent perfusion line adjacent to the heart was illuminated. Despite the short transit time before the buffer enters the heart (estimated as 0.4 seconds), the very short half-lives of both singlet oxygen and superoxide would ensure that they did not reach the tissue. In these experiments, there were no changes in coronary flow, no changes in ECG morphology, and no development of arrhythmias.
Effects ofHistidine
In a further attempt to determine whether reactive oxygen intermediates are involved in the damage induced by rose bengal, we characterized the effects of histidine (100 mmol) added to the rose bengal-containing perfusion fluid. The results were compared with those of a control group of hearts, perfused with rose bengal alone.
Coronary flow and heart rate. Figure 5 shows that, in agreement with the previous study groups (Figure 2 ), coronary flow in the rose bengal alone group declined progressively during illumination. In contrast, in the group of hearts perfused with histidine and rose bengal, coronary flow remained constant throughout the period of illumination. Thus, in the rose bengal alone group, coronary flow after 20 minutes of illumination was only 3.4±0.2 ml/min, whereas in the histidine plus rose bengal group, flow was 7.0±0.4 ml/min (/?<0.05). Mean heart rate was similar in both groups; thus, before illumination, heart rate was 305 ±10 beats/min in controls and 293 ±9 beats/min in the histidine group. After illumination and before the occurrence of any arrhythmias, the corresponding values were 309 ±9 and 276±15 beats/min.
ECG and arrhythmias. As was seen in the previous study groups (Figure 4) , the illumination of rose bengal-perfused hearts resulted in rapid changes in the morphology of the ECG, which occurred after a mean time of 12.3±1.4 seconds (p=NS when compared with the previous rose bengal group value of 11.8±2.1 seconds). Inclusion of histidine resulted in a significant delay of the time to onset of these changes, which did not occur until after 53.2±4.7 seconds of illumination (p<0.05 when compared with the rose bengal alone group). The incidences of arrhythmias were not significantly reduced by histidine; thus, with rose bengal alone, VPBs occurred in 100%, VT in 67%, and complete A-V block in 100% of hearts; the corresponding values in the histidine plus rose bengal group were 100%, 67%, and 83%. However, as shown in Figure 6 , histidine was able to significantly delay the occurrence of these arrhythmias such that the mean times to onset of VPBs, VT, and complete A-V block were extended from 3.2±0.8, 3.4±0.9, and 6.8±0.7 minutes to 7.3±1.3, 11.7+1.9, and 11.4±0.7 minutes, respectively (p<0.05 in each instance).
Discussion
Rose bengal (Figure 7 ) is a fluorescein derivative that absorbs light strongly in the range of 530 to 590 run, with two major absorptions (due to the xanthene chromophore) at approximately 530 and 558 nm (depending upon solvent and pH). When irradiated with light at these wavelengths, rose bengal acts as a dye sensitizer for singlet oxygen production; superoxide anion is also produced. Excellent reviews of the photodynamics of rose bengal and allied compounds can be found in the literature. 21 -23 The sensitivity of these reactions together with the short half-lives of the singlet oxygen and superoxide make rose bengal an ideal tool for the production of transient bursts of reactive oxygen intermediates. Borgers et al 24 were the first to appreciate the potential value of rose bengal as an investigative tool in experimental cardiology and reported that when isolated myocytes, suspended in a solution containing rose bengal (50 nmol/1), were exposed to light, rapid rounding up and intense ultrastructural injury were observed, which could be attenuated by catalase. These authors showed that the injury could also be attenuated by cinnarizine, flunarizine, and lidoflazine but not by slow calcium-channel blockers. 24 In the present study, we have shown that in the absence of ischemia and reperfusion, in the isolated, perfused rat heart, a similar low concentration of rose bengal, when photosensitized, can induce almost instantaneous changes (within 10-15 seconds) in the morphology of the ECG, changes that rapidly (in less than 2.5 minutes) deteriorate to arrhythmias and would indicate the occurrence of severe membrane dysfunction. The nature of the changes in the ECG (T wave changes and prolongation of Q-T interval) suggest slowing of conduction (A-V block is eventually observed in all hearts) possibly involving some dependency on calcium. This has recently been confirmed in ultra- structural and cytochemical studies 25 in which we showed that the illumination of hearts perfused with rose bengal led to cell swelling, changes in mitochondrial and nuclear ultrastructure, and the loss of calcium nonnally associated with cell membranes together with the accumulation of calcium in the mitochondria.
Our studies have also revealed that photosensitization of rose bengal results in a progressive impairment of coronary flow. This phenomenon might again indicate the perturbation of calcium homeostasis, possibly at the level of the vascular smooth muscle. Through the use of appropriate controls, we have, however, been able to demonstrate that the rose bengal-induced reduction in flow was not responsible for the induction of arrhythmias. We have also shown that the rose bengal effects are specific and require the interaction of both light and rose bengal in the tissue. All these results strongly suggest that reactive oxygen intermediates are involved; whether it is singlet oxygen or superoxide (both of which should be produced) that is responsible for the electrophysiological changes remains to be resolved. However, it must be stressed that in the present studies, we have not directly detected or measured the production of either of these intermediates. Rather, we have relied on the extensive literature-dealing with the photochemistry of rose bengal, which would indicate that with the concentrations and photon fluxes used in the present studies, reactive oxygen intermediates would undoubtedly be produced. Support for this assumption can be gained from the "Results" (Rose Bengal Product or Reactive Oxygen Products?) indicating that the active moiety had an extremely short half-life. Further evidence for the generation of reactive oxygen intermediates, and singlet oxygen in particular, can be also derived from our histidine studies (histidine is a powerful quenching agent for singlet oxygen), which suggest singlet oxygen, rather than superoxide, to be the active agent.
In conclusion, the findings of the present study demonstrate that reactive oxygen intermediates are capable of inducing rapid and severe electrophysiological changes that lead to the genesis of arrhythmias even in the absence of ischemia and reperfusion.
